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Bacteria colonizing human intestine adhere to the gut mucosa and avoid the innate immune system. We previously demonstrated that Escherichia coli isolates can adsorb mucin from a diluted solution in vitro.
Here, we evaluated the effect of mucin adsorption by E. coli cells on neutrophil activation in vitro. Activation was evaluated based on the detection of reactive oxygen species production by a chemiluminescent reaction (ChL), observation of morphological alterations in neutrophils and detection of exocytosis of myeloperoxidase and lactoferrin. We report that mucin adsorbed by cells of SharL1 isolate from Crohn's disease patient's inflamed ileum suppressed the potential for the activation of neutrophils in whole blood. Also, the binding of plasma complement proteins and immunoglobulins to the bacteria was reduced. Desialylated mucin, despite having the same adsorption efficiency to bacteria, had no effect on the blood ChL response. The effect of mucin suggests that it shields epitopes that interact with neutrophils and plasma proteins on the bacterial outer membrane. Potential candidates for these epitopes were identified among the proteins within the bacterial outer membrane fraction by 2D-PAGE, fluorescent mucin binding on a blot and HPLC-MS/MS. In vitro, the following proteins demonstrated mucin adsorption: outer membrane porins (OmpA, OmpC, OmpD and OmpF), adhesin OmpX, the membrane assembly factor OmpW, cobalamine transporter, ferrum uptake protein and the elongation factor Ef Tu-1. In addition to their other functions, these proteins are known to be bacterial surface antigens. Therefore, the shielding of epitopes by mucin may affect the dynamics and intensity of an immune response.
For the successful colonization of the human intestine, bacteria have to adhere to the gut mucosa to avoid an attack from the innate immune systemcomplement system and neutrophils.
The interaction of bacteria with the major mucus component glycoprotein mucin plays an important but an ambiguous role in this process. On one side, bacteria use specific proteases to disrupt the polymerized mucin layer that protects the intestinal epithelium (see for review Refs [1, 2] ). Mucin degradation was observed as a result of the activity of individual organisms (bacteria, parasitic protozoa and helminths) or whole microbial communities. In most cases, the first step of the process involves sulfatases, sialases and glycosidases, which desulfate and degrade mucin oligosaccharides, exposing the peptide backbone for serine and cysteine protease attack [2] . Another mechanism was described for proteases (identified in Schigella and Escherichia coli) that used O-glycosylated mucin as a substrate [3] . In all cases, proteolysis targeting the Nand C-polymerizing ends of mucin leads to the disassembly of mucin macromolecules, which decreases mucus viscosity and protective functions. Mucin monomers and smaller cleavage products are produced in these reactions [2] .
On the other hand, bacteria (including E. coli) were reported to attach to the mucin layer through fimbrial [type 1 pili (fimbriae)] and afimbrial (multivalent adhesion molecule) adhesins [4, 5] as well as induce mucin hypersecretion in the rabbits' ileal loop and cultured human mucin-secreting intestinal HT29-MTX cells [6] . E. coli was also reported to attach to the intestinal mucus via its flagellum [7] .
After permeation through the mucosal barrier, bacteria can trigger innate immune response sensors (Peyer's glands and goblet cells; see [8] for review) and induce an inflammatory reaction. Additionally, bacteria can make contacts with gut luminal neutrophils without mucosal invasion, since many inflammatory conditions are marked by the recruitment of neutrophils to the intestinal lumen [9, 10] . However, the role of mucin in the activation of innate immune factors by bacteria is still unknown.
The majority of researchers study the adhesion of bacteria to polymerized mucin (for review see Ref. [1] ). At the same time, the gut contents contain a great amount of free soluble mucin that is produced by constant secretion [11] and exfoliation during the renewal of the mucus layer and mucin degradation by anaerobic microflora [12] . However, the possible roles that soluble mucin could play in bacterial-host interaction have been much less frequently examined.
On the host side, polymerized and soluble mucin could have a direct effect on neutrophils. Mucin treatment of plastic surfaces inhibited neutrophil adhesion and activation, and the effect was the most pronounced in the presence of plasma proteins, mainly the complement system [13] . In contrast, in the absence of plasma proteins, mucins from the healthy human eye mucosa activated neutrophils in vitro, and some pathologies abolished this effect [14] .
The aim of the current study was to evaluate the effect of mucin adsorption by E. coli cells on neutrophil activation in vitro. We previously demonstrated that E. coli isolates from the healthy or inflamed (Crohn's disease) human intestine and the laboratory strain DH5a were able to adsorb mucin from a diluted solution in vitro [15] . Among our findings, the amount of adsorbed mucin varied greatly between E. coli isolates (more than threefold). No significant difference in the ability to adsorb mucin was observed between the isolates from the inflamed and healthy intestine and the laboratory strain [15] .
In the current study, we have compared the influence of mucin on strains with a similar ability to adsorb mucinthe clinical isolate SharL1 and the laboratory strain DH5a. Neutrophil activation by bacteria in vitro was analysed by measuring the production of reactive oxygen species (ROS) in whole blood or in neutrophil suspension, myeloperoxidase (MPO) and lactoferrin (LF) exocytosis in blood, neutrophils' morphological alterations and changes in plasma protein contents. Bacterial outer membrane proteins that adsorb mucin in vitro were identified by HPLC-massspectrometry identification.
Methods

Escherichia coli strain isolation, cultivation and characterization
Escherichia coli were isolated as described in File S1 from Crohn's patients (n = 5, four male and one female; age, 23-47; median, 33), one patient without endoscopically confirmed inflammatory bowel disease (IBD) (male, age 14), healthy faeces donors (n = 4, three male and one female; age, 19-28; median, 19.5) and healthy blood donors (n = 5, female; age, 21-64; median, 38) who were enrolled in the study and gave written informed consent. The study methodologies were conformed to the standards set by the Declaration of Helsinki and were approved by the local Ethics Committee. The clinical and endoscopic activities of the disease were evaluated according to Refs [16, 17] and are shown in File S2.
Escherichia coli isolation was performed as follows. The liquid ileal contents or faeces were diluted 10 3 -to 10 6 -fold, plated onto agar LB medium and incubated at 37°C for 16 h. Individual colony species were identified by a Biotyper system with a Bruker Microflex mass spectrometer (Bruker, Bremen, Germany).
For further assays, bacteria were cultivated under aerobic conditions in LB at 37°C (200 r.p.m.) for 14 h. The cells were harvested by centrifugation (3500 g, 15 min), and the pellet was washed twice with PBS. The bacterial suspensions were normalized by absorbance at 540 nm (OD 540). 1 OD unit in a 1-mL cuvette was equal to 0.2 mgÁmL À1 of bacterial dry weight (DW) and contained 8•10 8 CFUÁmL À1 .
The SharL1 E. coli isolate was isolated from the ileum of Crohn's disease patient (male, 26 years old). The patient's detailed diagnosis is as follows: Crohn's disease, ileocolitis, ileum, sigmoid and caecum affected; lymphofollicular hyperplasia of the ileum, ileitis and aphthosic proctosigmoiditis. SharL1 was isolated after a diagnostic endoscopy (Moscow Clinical Research Centre of Gastroenterology). Material collection was approved by the local Ethics Committee, as the patient had provided written informed consent for research and data publication.
Phylogroup determination of SharL1 was performed by PCR with primers for the tsp, yja and chuA genes as described in Ref. [18] .
The adhesion ability of the SharL1 isolate was tested on a monolayer of CaCo cells. The isolate was cultivated on LB (37°C, 200 r.p.m.) and harvested by centrifugation (3500 g, 15 min) at mid-log phase. The pellet was washed with PBS and then resuspended in PBS. Next, 150 µL of bacterial suspension (OD 620 = 0.2) was mixed with 5 mL DMEM + 20% FBS. Bacteria in DMEM (500 µL) were added to the CaCo cells, grown in a 24-well plate until monolayer formation (approximately 500 000 CaCo cells per well). The bacterial suspension (control 1) was collected at this point and plated onto LB-agar plates at 10 À3 -and 10 À4 -fold dilutions. The plate containing the CaCo cells and bacteria was incubated for 3 h at 37°C. For the invasion test, the cell suspension was treated with 1 mL of DMEM (20% FBS) containing 300 mgÁL À1 of gentamicin for 1 h at 37°C. After incubation, the monolayer was gently washed twice with PBS to remove any unbound bacteria; the cells were removed from the plate by trypsin (200 µL) and lysed with 400 µL of 0.5% Triton X-100 in DMEM (20% FBS). The solution was mixed and plated on agar LB at 10 À2 -and 10 À3 -fold dilutions (5 µL per agar plate).
Adhesion + invasion values were determined as follows: (a) the number of bacteria adhered-invaded per CaCo cell = CFU per agar plate after adhesion 9 dilution/500 000 (the number of CaCo cells per well) and (b) the % of adhered-invaded bacteria in the bacterial suspension = CFU per agar plate after adhesion/CFU per agar plate in control 1 9 100 (considering corresponding dilutions).
The invasion value was determined as a % of the adheredinvaded bacteria that survived gentamicin treatment.
The bacterial mobility of the SharL1 isolate was determined by a needle stuck into the thick layer of 0.4% LB agar. After 24 h of incubation at 37°C, the diameter of the bacterial spot was measured.
Mucin purification and modification
In all experiments, we used naturally derived type III mucin from porcine stomach with bound 0.5-1.5% sialic acid (m1778) (Sigma-Aldrich, St. Louis, MO, USA), which is structurally related to human gastric mucin [19] . The approaches for its purification and quantification were described previously [20] .
The mucin solution (1-5 mgÁmL À1 ) was purified using gel filtration on a Sephadex G-200 (Bio-Logic LP System; Bio-Rad, Hercules, CA, USA) with detection at 214, 260 and 480 nm and a specific assay performed with Schiff's method; the fractions containing mucin were combined and freeze-dried (native mucin). Fluorescein isothiocyanate-labelled mucin (FITC-mucin) (17 AE 2% modified amino groups) and desialylated mucin (82 AE 4% deleted sialic acids) were prepared and purified using gel filtration as described previously [20] .
Mucin adsorption by bacteria
Bacteria (0.09 mg DW) were incubated in 1 mL of 0.15 M NaCl containing 0.1 mgÁmL À1 mucin (or without mucin) at 25°C for 1 h. After centrifugation (20 min, 900 g), the mucin concentration in the supernatants was assessed by absorption at 214 nm (A 214 ), with 0.1 mgÁmL À1 mucin solution used as a reference sample [15] . From the difference in these concentrations, the amount of adsorbed mucin was calculated. The cell pellets were resuspended in 0.15 M NaCl for further analyses. The mucin-treated cells were marked as SharL1 muc and DH5a muc .
Blood sampling and neutrophils isolation
Blood (5 mL) was collected by venepuncture using sodium citrate vacutainers. Material collection was approved by the local Ethics Committee, and donors provided written informed consent for research and data publication. The experiments were performed within 4 h after blood sampling. To isolate neutrophils, the blood was immediately layered upon a 1.077/1.119 double Histopaque gradient and centrifuged for 40 min at 400 g. The neutrophils were washed twice with the Krebs-Ringer solution (10 min, 400 g) and resuspended (25 9 10 6 cellÁmL À1 ) in autologous blood plasma (Nph + plasma) or in Krebs-Ringer buffer solution (Nph).
Chemiluminescent assay for ROS production
Reactive oxygen species generation was used as a marker of leucocyte activation. The chemiluminescent assay was a simple and sensitive method to determine ROS in a neutrophil suspension and diluted blood [21] . A Luminometer 1200 (DiSoft, Moscow, Russia) was applied to measure chemiluminescence (ChL) in two probes simultaneously under mild stirring at 37°C with continuous data recording. The blood samples or neutrophil suspensions were added to Krebs-Ringer buffer solution with 0.3 mM luminol (pH 7.4). The final blood dilution was 1 : 25 and the isolated neutrophil concentration was 5 9 10 5 cellsÁmL À1 , with the total probe volume equal to 500 µL. The spontaneous ChL was measured for 3 min; then, 20 µL of the bacterial suspension was added (4 µgÁmL À1 DW) and the ChL kinetics and response maxima were registered. To study the effects of mucin on the ChL response of diluted blood, 20 µL of 30 µgÁmL À1 mucin solution or 0.15 M NaCl was added before the bacterial suspension.
Co-incubation of whole blood with bacteria
To simultaneously evaluate the effects of adsorbed mucin on ROS generation by leucocytes in blood, neutrophil morphology and blood plasma proteins, the blood samples were incubated with bacterial suspensions or reference solutions. Then, 400 µL of blood was mixed with 100 µL of SharL1 or SharL1 muc suspension (final concentration of 30 µgÁmL À1 DW), 100 µL of 0.15 M NaCl or 100 µL of 0.1 mgÁmL À1 mucin in 0.15 M NaCl. Blood smears were immediately prepared (2 min time points), and the other probes were incubated at 25°C for 5 and 20 min. After incubation, the blood smears were prepared for morphological analysis and 20 µL aliquots were immediately used to measure the initial ChL value (2 s after sample addition). Then, the rest of the samples were centrifuged (10 min, 400 g) and the plasma was separated and frozen at À80°C for MPO, LF and other plasma protein assays.
Analysis of neutrophil morphology
Blood cells were evaluated by light microscopy in blood smears [22] . The blood smears were stained according to the Romanovskii-Giemsa technique and then analysed using a light Motic BA223 microscope (Motic, Kowloon, Hong Kong) equipped with a 3CCD KYF32 digital camera. Image processing was performed with a MECOS-C image analysis system (MECOS, Moscow, Russia) in semiautomatic mode. No less than 50 neutrophils were analysed in each smear for morphologic signs of neutrophil activation after incubation with bacteria, including the number of vacuoles formed [23] .
Measurement of myeloperoxidase and lactoferrin concentrations
To determine the MPO and LF concentrations in blood plasma after incubation of whole blood with bacteria for 5 min, an ELISA was performed as described previously [24, 25] .
Isolation of E. coli cell membranes
The isolation of cell membrane proteins was performed with the carbonate method [26] . The bacterial culture in a mid-log phase was harvested by centrifugation for 8 min at 2500 g. The pellet was washed once with PBS and resuspended in 200 µL of Tris/HCl buffer pH 7.5 with 1 µL of a nuclease mixture (Promega, Madison, WI, USA). The cells were lysed by ultrasonication for 1 min and centrifuged for 8 min at 2500 g. The supernatant was added to 1.5 mL of 100 mM Na 2 CO 3 and incubated on ice with shaking for 1 h. The membrane proteins' fraction was precipitated by ultracentrifugation at 115 000 g for 30 min, and the pellet was washed with 50 mM Tris/HCl buffer pH 7.5 and collected again by centrifugation using the same conditions.
Mucin-binding assay for E. coli membrane proteins
The membrane proteins from the E. coli SharL1 isolate were separated by 2D-SDS/PAGE (2D electrophoresis protocol in Ref. [27] ) and transferred to a nitrocellulose filter Hybond-P with a Bio-Rad MiniCell according to the manufacturer's protocol. The active binding groups on the filter were blocked by incubation for 1 h at 25°C in 3% BSA solution in PBS containing 300 mM NaCl. Adsorption of the fluorescein isothiocyanate-labelled mucin was performed by incubation at 25°C for 4 h in binding buffer (5 mgÁmL À1 FITCmucin, 300 mM NaCl, 3 mM MgCl 2 , 1 mM DTT and 0.05% Tween-20). The filters were washed three times for 5 min each in PBS and scanned on a fluorescent scanner Typhoon by GE Healthcare (Chicago, IL, USA) (Blue laser, 520-nm bandpass filter, scanning parameters: pixel size 50 µm, PMT voltage 550). Mucin-adsorbing protein spots were excised from the filter and subjected to trypsinolysis for consequent protein analysis by HPLC-MS/MS.
Protein trypsinolysis on nitrocellulose filter
The nitrocellulose filter fragments were covered with 100 mM NH 4 HCO 3 containing 0.1% sodium deoxycholate (DCNa), incubated in an ultrasonication bath for 10 min and heated for 5 min at 95°C. After cooling the samples, 5 mM of the reducing agent tris(2-carboxyethyl)phosphine (TCEP) was added and the samples were incubated at 37°C for 1 h. Then, 30 mM iodoacetamide (IAA) was added and the samples were maintained at room temperature (RT) for 30 min. To avoid chemical modifications and remove the unreacted IAA, the samples were treated with 2.5 mM TCEP and incubated at RT for 30 min. Protein hydrolysis was performed with trypsin (20 µg per sample, Trypsin Gold, Mass Spectrometry Grade; Promega) for 16 h at 37°C. After that, an equal volume of ethyl acetate was added to the sample and its pH was adjusted to 2.0 with trichloroacetic acid (TCA). At this point, trypsinolysis stopped and DCNa was precipitated and moved to the organic phase. After 5 min of intensive shaking and 5 min of centrifugation at 16 000 g at 20°C, the lower water phase was collected and cleaned with C18 cartridges [Discovery DSC-18 Tube (Supelco; Sigma-Aldrich)] according to the manufacturer's protocol. The achieved peptide extracts were dried in a SpeedVac (Labconco, Kansas City, MO, USA) and dissolved in 15 µL of HPLC-MS/MS sample buffer containing 3% acetonitrile and 0.1% trifluoroacetic acid.
Trypsinolysis of plasma samples
After 5 min of incubation (10 µL), plasma samples from whole blood were diluted 50-fold and proteins were precipitated with 10% TCA. After incubation at À20°C for 1 h, the samples were centrifuged for 15 min at 16 000 g. The pellet was washed twice with cold acetone, dried, diluted in Laemmli's buffer and heated at 95°C for 5 min. After centrifugation for 5 min at 16 000 g, the protein concentration was measured in the supernatant by Bradford assay (Bio-Rad Quick Start Bradford Protein Assay, Hercules, CA, USA). The samples (50 µg of protein per lane) were loaded and separated by 7.5% SDS/PAGE. The gel was stained with Coomassie G-250 and destained with 10% acetic acid. The lanes were divided into three parts, and the major albumin protein spot was cut out to increase the number of identified proteins. Trypsinolysis of proteins in the gel was performed as described in Ref. [28] . The peptides' extracts were dried in a SpeedVac (Labconco) and dissolved in 15 µL of LC-MS/MS sample buffer containing 3% acetonitrile and 0.1% trifluoroacetic acid.
HPLC-MS/MS analysis
The LC-MS/MS analysis of the tryptic peptides was performed using an Ultimate-3000 HPLC system (Thermo Scientific, Waltham, MA, USA) coupled to a maXis qTOF after the HDC-cell upgrade (Bruker) with a nanoelectrospray source. The chromatographic separation of the peptides was performed on a C-18 reverse phase column (Zorbax 300SB-C18, 150 mm 9 75 µm, particle diameter 3.5 µm; Agilent, Santa Clara, CA, USA). The gradient parameters were as follows: 5-35% acetonitrile in aqueous 0.1% (v/v) formic acid and a column flow rate of 0.3 µLÁmin À1 . The gradient duration was 60 min (plasma samples) or 5 min (proteins from the nitrocellulose filters). Positive MS and MS/MS spectra were acquired using autoMS/MS mode (capillary voltage, 1700; the curtain gas flow is 4 L and the temperature is 170°C, spectra rate 4 Hz, 20 precursors; m/z range, 200-1500; and active exclusion after two spectra and release after 0.5 min). The lists of compounds (mgf files) were generated after a lock mass calibration with a Compass DataAnalysis (Bruker). If one sample consisted of several injections, all generated compound lists were united into one.
Protein identification and quantitative analysis
Protein identification was performed by peptide search with the Mascot Data Search with the following parameters: peptide mass tolerance, 0.05 Da; fragment mass tolerance, 0.1 Da; variable modifications such as carbamidomethyl (C) and oxidation (M); for the samples from PAGE, propionamide (C) and oxidation (M); cutting enzyme trypsin; and 1 missed cleavage per peptide was allowed. The peptide search for protein identification was performed as follows. The plasma samples were compared to the SwissProt database (taxonomy Homo_sapiens). The SharL1 samples versus the protein database (peptides) samples from the E. coli strain Nissle 1917 focused on a gut-colonizing strain from the B2 phylogroup, which is the same phylogroup as SharL1 (File S1). A protein was considered as identified by no less than two unique peptides with a score above the threshold.
The protein abundances were evaluated by a label-free method using the emPAI (Exponentially Modified Protein Abundance Index) determined by the Mascot Data Search for each identified protein [29] . For plasma samples, the median values of the emPAI indexes were calculated for two biological repeats. The emPAI of each protein was normalized to the total emPAI of the sample. For the identification of proteins on nitrocellulose filters after 2D-PAGE, the major protein in each spot was identified as having the maximum emPAI coefficient.
Statistical data analysis
The statistical analysis was performed using STATISTICA 6.0 (TIBCO Software Inc, Palo Alto, CA, USA). The results are presented as medium values (n = 3-5) AE standard deviation or medians. The values were compared using Student's t-test or paired t-test for independent samples. The difference was considered significant at a P-value < 0.05.
Results
SharL1 isolate characteristics
Phylogroup typing of the SharL1 isolate by PCR assay resulted in PCR products for all three genes tested (File S1), indicating that the SharL1 isolate belongs to phylogroup B2 [according to Ref. [18] .
Adhesion and invasion comparative data for the SharL1 isolate and MG1655 laboratory strain are given in Table 1 . According to these data, the SharL1 demonstrates 24 times more effective adhesion to CaCo cells than MG1655, which can be defined as adhesive. At the same time, both SharL1 and MG1655 demonstrated no invasion activity.
The mobility demonstrated by the SharL1 isolate (17.54 AE 7.47 mm) was five times higher than the laboratory strain MG1655 (3.46 AE 0.26 mm).
Kinetics of ROS production by blood cells
Neutrophil activation in whole blood without leucocyte isolation was detected in a luminometer cuvette by registering the ROS production via chemiluminescence kinetics and maximum values (ChL). Activation with mucin-treated and mucin-untreated bacteria was used to screen 10 clinical E. coli isolates and one laboratory strain (Fig. 1, File S2 ). Three clinical isolates (from healthy and inflamed intestines) demonstrated a curious phenomenonafter treatment with mucin, they demonstrated a lower ability to induce neutrophil activation in blood.
For a detailed comparison, two isolates with a similar ability to adsorb mucin (0.08 AE 0.02 mg of mucin per 1 mg DW) were selected including a SharL1 clinical isolate and the laboratory DH5a strain. In a repeated experiment (Fig. 2 ), SharL1 muc (SharL1 cells with adsorbed mucin) induced a significantly lower ChL response than SharL1 ( Fig. 2A) , though the curve shape and time of peak achievement were similar for both samples (Fig. 2C) . At the same time, DH5a and DH5a muc (DH5a cells with adsorbed mucin) did not demonstrate significant differences in the maximum ChL value ( Fig. 2A,B ). Since the difference in ChL reduction was not due to the amount of adsorbed mucin, this phenomenon was further investigated in experiments using SharL1 muc and SharL1.
The direct effect of mucin on leucocytes and the ROS production should have been excluded. The mucin solution (30 µgÁmL À1 ) or an equal amount of 0.15 M NaCl were added to the blood cells in a cuvette. After that, the ChL response was stimulated by SharL1 (Fig. 2D) . No significant effects by the mucin solution were detected (the difference was 9 AE 23%).
The desialylated mucin was adsorbed by bacteria with the same efficiency, but this adsorption had no effect on ChL stimulation ( Table 2 ).
The ChL response of blood cells was mainly the result of ROS generation by neutrophils [21] . When the isolated neutrophils were activated with SharL1 suspension, the ChL response had a greater duration and intensity than in whole blood ( Fig. 3A-C) . The effect of adsorbed mucin was detectable only in the presence of plasma; the peak ChL value stimulated by SharL1 muc was 89.5 AE 5.6% of the ChL induced by SharL1 (P < 0.05, paired t-test). At the same time, when isolated neutrophil stimulation was performed without plasma, no difference between SharL1 and SharL1 muc was observed and ChL induced by SharL1 muc was 101 AE 2.5% of ChL induced by SharL1 ( Fig. 3A-C) .
The effects of whole blood incubation with bacteria
Several parameters of neutrophil activation in blood were analysed at two time points on the ChL response curve, including at the area of linear growth (5 min) and at the plateau reached at the highest ChL value (20 min). The blood samples were incubated with SharL1 and SharL1 muc as well as with the mucin solution and 0.15 M NaCl, and a complex of parameters was measured with each probe, including the initial blood ChL levels, neutrophil morphological features, MPO and LF in blood plasma and plasma proteins.
ROS production by blood cells
After the incubation of blood with SharL1 or SharL1 muc for 5 or 20 min, 20 µL aliquots were immediately added to the luminometer cuvettes and ChL was registered within 2 s. (Fig. 4) . The ChL values after 20 min were increased compared with 5 min of incubation, but the difference between SharL1 and SharL1 muc was significant (SharL1 muc values lower) at both time points.
Morphological analysis of neutrophils in the blood
The smears were prepared after incubation of the blood samples with SharL1 or SharL1 muc for 2, 5 and 20 min. The images are presented in Fig. 5 and the results in Table 3 . There were no morphological reactions in neutrophils after 2 min of incubation (Fig. 5A,D) . After 5 min, some vacuoles could be seen in the neutrophil cytoplasm as a marker of cell activation (Fig. 5B,E ). At this time point (5 min), the percentage of the activated neutrophils and the number of the vacuoles per cell was lower in the samples with SharL1 muc than those with SharL1 (Table 3) . After 20 min of incubation, the neutrophils' structure exhibited various signs of activation. The cell contours became irregular, the nuclei swelled and looked deformed, and there were vacuoles in the major parts of the neutrophils. Moreover, phagocytized bacteria were observed, including those that were partially lysed (Fig. 5C,F) . No difference was detected between the blood samples with SharL1 and SharL1 muc ( Table 3) , except that samples with SharL1 muc showed 12% neutrophils with 7 or more phagocytized bacteria while samples with SharL1 only showed 3% of such neutrophils.
Further analyses of the blood interactions with bacteria were performed after 5 min of incubation, as the differences between SharL1 muc than with SharL1 were observed at this point.
Bacteria survival after incubation with isolated neutrophils and whole blood
Bacteria survival assay was performed as follows: 100 µL of bacterial cell suspension (OD600 = 0.2) with or without adsorbed mucin was added to 1 mL of isolated neutrophils or 200 µL of whole blood. After 5 or 20 min of incubation at 25°C, 50 µL aliquots were sampled, diluted 10 À5 , 10 À6 and 10 À7 and plated onto LB agar (50 µL of diluted suspension per plate) for overnight incubation at 37°C and CFU counting. When bacterial cells were incubated with isolated neutrophils (no plasma proteins added), mucin adsorption resulted in less survived CFUs at 5 min of incubation and more survived CFUs at 20 min (Fig. 5G) . When the whole blood was used for incubation, the increased bacteria survival with adsorbed mucin was observed at both incubation times. CFUs of survived bacteria after 20 min of incubation with neutrophils or blood were always lower than after 5 min of incubation.
Determination of plasma myeloperoxidase and lactoferrin concentrations
The exocytosis of LF and MPO by the activated neutrophils was evaluated by determining the LF and MPO plasma concentration after incubation of the blood with bacteria (SharL1 and SharL1 muc ) for 5 min.
The MPO and LF plasma concentrations were increased in plasma from blood incubated with bacteria compared with blood mixed with mucin solution or 0.15 M NaCl (Fig. 6 ). The mucin solution itself induced no differences in the MPO or LF concentrations compared with 0.15 M NaCl. At the same time, the MPO and LF concentrations after incubation of blood with SharL1 muc were significantly lower than with SharL1.
HPLC-MS/MS evaluation of plasma proteins
The effect of mucin adsorption by SharL1 on isolated neutrophil activation was observed only in the presence of plasma. Therefore, plasma proteins were analysed after incubation of blood with SharL1 muc , SharL1, mucin (20 µgÁmL À1 ) and 0.15 M NaCl for 5 min.
More than 100 proteins per plasma sample were identified (two or more identified unique peptides with a score above the cut-off). File S3 summarizes the search results and links to the deposited raw data. Protein abundances in different samples were compared using coefficient ratios (normalized by the summary Fig. 3 . ChL response of isolated neutrophils in the presence of plasma and without plasma stimulated by SharL1 and SharL1 muc . Peak values for ChL are shown as white diamonds (SharL1) and black diamonds (SharL1 muc ). Values for the same neutrophil sample are connected with the dotted lines (four experiments were performed with blood from three healthy donors). Medians for SharL1 and SharL1 muc are indicated with horizontal bars (A). Typical kinetics of the ChL response of the isolated neutrophils with (B) and without (C) plasma after stimulation with SharL1 (grey) and SharL1 muc (black). Arrows show the time point when the bacteria were added. *Significant difference between the ChL stimulated by SharL1 and SharL1 muc (P < 0.05, paired t-test). Maximum values of ChL stimulated by 0.15 NaCl and 0.15 NaCl + mucin were 4.23 + 0.78 and 5.03 + 1.27, correspondingly (those values did not depend on plasma addition to isolated neutrophils). emPAI for the sample). Figure 7 shows proteins that were differentially present in plasma after incubation of blood with SharL1 muc and SharL1. A protein was included if the averaged normalized emPAI in the plasma-SharL1 muc and plasma-SharL1 samples differed by more than 1.5-fold and no effect on plasma proteins was demonstrated by the mucin vs 0.15 M NaCl comparison (File S3).
Bacterial treatment with mucin resulted in an increase of 28 proteins in the plasma (Fig. 7A) . Nine of them belong to the complement system and eight to immunoglobulins. For most of these proteins, there was a decrease in plasma-SharL1 compared with the other plasma samples. This suggests that SharL1 cells partially lose the ability to interact with IgG, complement system proteins and some others (involved in acute inflammation induction) after mucin treatment.
Only 16 proteins were observed as more abundant in plasma-SharL1 including those involved in blood coagulation (fibrinogen and haemopexin) and cell adhesion as well as four immunoglobulins (Fig. 7B ).
Identification of bacterial membrane proteins that bind mucin in vitro
The proteins from the isolated membrane fractions of the SharL1 isolate and DH5a strain were separated by 10% SDS/PAGE and transferred onto a Hybond-P filter. The filter was then incubated with fluorescent-labelled mucin (Fig. 8A) . The SharL1 isolate and DH5a strain demonstrated similar patterns of mucin-adsorbing membrane proteins, including three distinct bands with molecular weights of approximately 31K and 21K. To achieve better protein separation for mass-spectrometry identification, the proteins from the SharL1 membrane fraction were separated by 2D-PAGE and transferred to a Hybond-P filter. After incubation with the fluorescent-labelled mucin, the protein spots were excised and identified by HPLC-MS/MS mass spectrometry. From the 13 gel fragments, 9 proteins were identified as mucin-adsorbing (the major protein in each spot was identified as having at least 2 unique peptides and a maximum emPAI coefficient). Six of them were outer membrane proteins (OmpA, OmpC, OmpD, OmpF, OmpX and OmpW). Others included a cobalamine transporter and a ferric hydroxamate uptake protein. One of the most prominent binding spots was identified as the elongation translation factor Ef Tu-1 (Fig. 8B ).
Discussion
Many reports have suggested that bacteria can exploit mucin secreted by the human mucosa to survive and escape host defence systems [30] [31] [32] . It is well known that a lethal dose of various bacteria in animal experimental models can be reduced when mucin is added to bacteria [30] . It has also been shown that a 3% mucin solution from porcine stomach was enough to increase the virulence of E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii in a mouse peritonitis model [31] . Salmonella enterica serovar Typhi enhanced its virulence in a murine model of infection [32] . Thus, one can suppose that mucin influences innate immune system activation, and in vitro model studies could help to elucidate the mechanism.
In the experiments with the E. coli isolate (SharL1) in vitro, we have shown that adsorbed mucin downregulated activation of neutrophils in blood (the effect was not common for isolates from Crohn's disease). This is unlikely an artefact of direct neutrophil inhibition by mucin, as mucin in solution had no effect on blood cell activation. This suggested that mucin works only on the bacterial surface. At the same time, adsorbed mucin had no influence on blood cell activation by DH5a cells, suggesting strain-specific effects.
The fact that the desialylated mucin adsorbed by bacteria did not reduce blood leucocyte activation suggests the participation of mucin sialic acids in this process. Indeed, mechanisms by which sialic acids inhibit neutrophil activation (including oxidative burst) have been described. Several bacteria were reported to exploit Siglec-9, a human neutrophil lectin that negatively regulates inflammatory responses by recognizing host sialoglycans [33, 34] . The sialoglycans used by bacteria for this molecular mimicry could be of bacterial (bacterial sialylated capsular polysaccharide from group B Streptococcus [33] ) or human (sialoglycoproteins adsorbed from host serum by P. aeruginosa [35] ) origin.
Another hypothesis is that adsorbed mucin shielded some structures on the bacterial outer membrane that could be ligands for neutrophil receptors. The most likely mechanism is the inhibition of foreign body opsonization. This is supported by the observation that the effects of adsorbed mucin depended on plasma. As has been shown by other researchers [13, 36] , plasma complement proteins participate in the interactions between neutrophils, mucin and bacteria [36] or synthetic polymer surface [13] .
We can be sure that our experimental conditions were suitable for opsonization to occur. It was reported that the opsonization of E. coli with 10-20% plasma at 37°C took 15 min to occur, while 1% serum was minimally opsonic [37, 38] . For other bacteria (Staphylococcus aureus), 2-5% serum was reported to require 5 min for opsonization to occur [39] . In the current study, the co-incubation of whole blood with bacteria to evaluate ROS generation, neutrophil morphology and plasma proteins was performed with 80% blood at 37°C for 5 or 20 min. Less blood dilution would lead to even faster opsonization. When ChL kinetics were studied, the final dilution was 4% for blood and 2% for blood plasma and the incubation temperature and time were 37°C and 10-15 min, respectively. Thus, we can suppose that neutrophil activation and bacterial opsonization proceeded simultaneously in the luminometer cuvette.
The results of the HPLC-MS/MS analysis of plasma proteins after the incubation with bacteria suggest the ability of the adsorbed mucin to inhibit both immunoglobulin binding and complement activation. Therefore, the opsonization inhibition mechanism was supported even more.
One can speculate about where the interaction between the mucin-shielded bacteria and neutrophils takes place. Although the SharL1 isolate demonstrated 7 . The difference in plasma proteins detected by HPLC-MS/MS after incubation of blood with SharL1 muc and SharL1. Protein relative abundances (emPAI coefficients) are shown. The emPAI of each protein was averaged for two biological repeats and normalized to the total emPAI of the sample. Protein was included if the averaged normalized emPAI in SharL1 muc and SharL1 differed by more than 1.5-fold and no effect was demonstrated by the mucin vs 0.15 M NaCl comparison (File S3). Protein functions were determined according to the UniProt database. 'x' indicates proteins which contents in the SharL1 plasma samples were the lowest (compared to plasma from blood incubated with the mucin solution or 0.15 mM NaCl). (A) Proteins that were more abundant in samples with SharL1 muc and (B) proteins that were more abundant in samples with SharL1.
adhesive-invasive abilities, we suggest that this place is the intestinal lumen. Various studies reported that all the components are present in the intestinal lumen, including the bacteria, mucin monomers [2] , recruited neutrophils [9, 10] and secreted immunoglobulins [40] and complement proteins [41] [42] [43] .
All E. coli proteins that were identified by HPLC-MS/MS analysis as mucin-adsorbing in vitro, in addition to their various functions, were reported as opsonization targets, such as antigens and immunogenic determinants.
The most prominent among those proteins were the porins that promote passive transport for low-weight molecules. They also play important roles in adhesion to host cells during infection, virulence, resistance to antibiotics, etc. The same proteins induce nonspecific immunity response; for example, OmpC and OmpF in E. coli and OmpD in S. enterica are important antigens and vaccine targets [44, 45] .
High immunogenicity during infection was reported for the mucin-binding potential adhesin OmpX, membrane assembly factor OmpW, cobalamine transporter and iron uptake protein [46] .
Elongation factor Tu-1 (EF Tu-1) is a major bacterial cytoplasmic protein; therefore, its presence in the membrane fraction could be explained by contamination. However, it was reported to be exposed on the cell surface of Streptococcus, Neisseria and Mycoplasma [47] [48] [49] and under certain conditions on E. coli [50] . Moreover, it could cause immune response during Burkholderia bacterial infection [51] and participate in mucin adsorption by Lactobacillus [52, 53] .
The experiments with the fluorescent-labelled mucin suggested that mucin-adsorbing membrane proteins are similar for the SharL1 isolate and DH5a. The identified proteins are present in both strains and are universal for E. coli. Thus, the specific effect of mucin for SharL1 in our study could be due to the differences in protein sequence or posttranslational modifications.
Our findings suggest that mucin was potentially adsorbed by the E. coli cell surface via some major outer membrane proteins, resulting in reduced neutrophil activation by the bacteria. It is possible that this was due to the deceleration of bacterial opsonization by the shielding of immunogenic protein epitopes. via the PRIDE partner repository [54] with the dataset identifier PXD010472. File S5. 2D PAGE separation of SharL1 total bacterial cell proteome and the membrane proteins fraction. Outer membrane proteins (OMPs) localization is indicated and enriched on the 2D-PAGE of isolated membrane fraction proteins. File S6. Results of HPLC-MS/MS identification of proteins from the total bacterial proteome and proteins of SharL1 membrane enriched fraction.
